In this paper, we propose a structure of a superconducting nanowire singlephoton detector (SNSPD) with a composite cavity. Compared with the SNSPD in previous studies, our device exhibits a property of high efficiency and dual broadband. Based on the transmission line theory, the structure is abstractedly expressed as an equivalent circuit model and a design method is presented. Taking λ = 1310 nm and λ = 1550 nm as an example, the structural parameters are calculated and verified by commercial software FDTD Solutions. The simulation results show that peaks of the absorption curve appear at both wavelengths and peak values are all larger than 97.5%. The influence of the upper half cavity on the full width at half maximum (FWHM) of the absorption peak is discussed. Our works provide a reference for designing an SNSPD with different FWHM.
Introduction
In recent years, superconducting nanowire single photon detectors (SNSPDs) have attracted more attention because of those high detection efficiency in the near-infrared regime, low dark count, low time jitter and fast response speed [1] - [9] . In view of these advantages, SNSPDs have been widely used in quantum key distribution (QKD) [10] - [12] , time-of-flight ranging [13] , space laser communication [14] , and so on. Especially in the application of QKD, photons are encoded and transmitted with different phase or polarization to achieve confidential communications. For this application, the efficiency of the detector has an effect on the bit error rate of the system directly. Therefore, the detection efficiency has been an important performance indicator for a SNSPD and also become an important research topic. In recent reports, F. Marsili et al. [15] fabricate a high efficiency SNSPD with an optical cavity and the detection efficiency is larger than 90%. For this results, the optical cavities can be satisfactory for high-efficiency devices and have been widely used [16] , [17] . However, this kind of the simple optical cavity can only improve the detection efficiency at the target wavelength and has an inhibitory effect at the other wavelength [18] , which can lead to restrictions in certain applications. In fiber-based optical communications, both 1310 nm and 1550 nm are both technologically interested wavelength. Therefore, simultaneously optimizing the absorption of an SNSPD at these two wavelengths would expand SNSPDs' application space.
In this paper, we propose a device structure of the SNSPD with a composite cavity, which enables a high detection efficiency at two wavelengths, simultaneously. Based on the transmission line theory, a design method is proposed and verified by taking λ = 1310 nm and λ = 1550 nm as an example. Numerical simulations show that the peaks of absorption curve appear at the both wavelengths and the peak values are all larger than 97.5%.
Design of SNSPD
We first briefly describe the method of establishing the equivalent circuit model before our designing. Fig. 1 shows the schematic and the corresponding equivalent circuit diagram of the SNSPD with a composite cavity. From an optics standpoint, the superconducting nanowires can be approximately considered as sub-wavelength periodic structures. In each unit cell, the light transmits in the form of single-mode (TEM) and the higher order mode is cut off by the period boundary condition in our device. For this reason, we can express the SNSPD structure as an equivalent circuit model and complete our design by the transmission line theory. In the circuit model, each layer of the SNSPD is equivalent to a transmission line. The intrinsic impedance and the length of the transmission line are equal to the reciprocal of the medium refractive index and the thickness of the medium layer, respectively. The metal mirror (Au) is equivalent to a load impedance (Z L ). It should be noted that the refractive index of gold is about 10 and does not tend to infinity in infrared band. Therefore, the load impedance is not considered as zero (perfect electrical conductor) but as the reciprocal of the refractive index of gold.
Comparing with the previous device structure with an optical cavity, we add one more layer of dielectric below niobium nitride (NbN) nanowires and the structure constitutes a composite cavity. In this study, our device needs to meet the characteristics of high detection efficiency at two wavelengths simultaneously. Therefore, one more degree of freedom needs to be introduced to be able to complete our design. Although we have set the thickness of NbN nanowires as 6 nm [19] in this design, there are still four structural parameters need to be calculated. In order to show the design process intuitively, we dived the structure into two parts (upper and lower half cavities) according to the bottom of the NbN nanowires and find the two parts structure parameters respectively. We start our design by the upper half cavity of device.
1. With the jX to replace the impedance imaginary part of the lower half cavity, a relatively large range of jX is taken into the design process to find the best value. 2. According to the transmission line theory, the jX is transformed into Z dev (the impedance of the device) and then compares with Z var (the impedance of the vacuum) at two wavelengths.
Based on the condition of the critical coupling (Z dev = Z var ), the ranges of L 2 and L 3 at the two wavelengths are found, respectively. 3. The values of L 2 and L 3 for the SNSPD with high efficiency and dual broadband is selected by the common region of L 2 and L 3 . Values of jX corresponding to the common region are obtained for step 4. Then, determine the structure parameters of lower half cavity. 4. The metal mirror is considered as a load impedance (Z L ) and is transformed into jX' by the transmission line theory. The ranges of L 4 and L 5 are found when the jX' is equal to the jX at the two wavelengths. To elaborate the procedure outlined above, we design a high efficiency SNSPD that operates at λ = 1310 nm and λ = 1550 nm, simultaneously.
In the step 1, the jX is taken for replacing the impedance of lower half cavity and the values are set from −40 j to 40 j. We remark that the L 1 layer is not a pure dielectric but a mixing layer where NbN nanowires are embedded in SiO 2 , which is not suitable for transmission line theory. To this end, the equivalent medium theory is adopted and the equivalent dielectric constant of the L 1 layer with the parallel polarization can be expressed as follow [20] :
where f is the duty cycle of NbN nanowires. To show the characteristic of the dual broadband clearly, we set that the duty cycle is 1/3 in our design. ε NbN and ε SiO2 are respectively dielectric constants of NbN and SiO 2 . The equivalent impedance can be expressed as [21] :
In the part of upper half cavity, the jX is considered as a load impedance and the layers of L 1 , L 2 and L 3 are considered as transmission lines. The lengths of these transmission lines are the thickness of these layers and the intrinsic impedances are Z 1 (1/n eff ), Z 2 (1/n SiO2 ) and Z 3 (1/n Si ), respectively. In the step 2, the jX is converted into Z dev by the formula of impedance transmission which is shown as follow [21] :
where Z in is the input impedance, Z 0 is the intrinsic impedance of transmission line, Z L is the load impedance, n and L are the index and length of the layer. λ is the wavelength of incident light. To find the parameters of the upper half cavity, The concept of critical coupling is adopted and we suppose that the impedance Z dev is approximately equal to the vacuum impedance Z vac when |Re(Z dev ) − Z vac | < 0.05 and |Im(Z dev )| < 0.05. Based on this condition, the parameter ranges of upper half cavity are created for λ = 1310 nm and λ = 1550 nm and shown in Fig. 2(a) and (b) , respectively. The color represents the module value of the jX. The white dash line in Fig. 2(a) and (b) divides the range into two parts. Values of X are positive on the upper part while those on the bottom part are negative. In the step 3, we combine the data in Fig. 2(a) and (b) into the Fig. 2(c) and find that they are overlapped at the position of R 1 and R 2 . It can be noticed that the overlapped part corresponds to the structure parameters of upper half cavity. Meanwhile, the values of jX corresponding to R 1 and R 2 will be obtained for the next step.
In the step 4, we consider the metal mirror (Au) as a load impedance (Z L = 1/n Au ) and consider the layers of L 4 and L 5 as transmission lines. Based on the same method as the step 2, we convert the load impedance Z L into jX' and compared with the jX which is obtained in the step 3. Fig. 3(a) and (b) plot the results which we perform the comparison and select the values of L 4 and L 5 when the incident wavelength is 1310 nm and 1550 nm, respectively. We also suppose that the jX' is approximately equal to jX when |jX − jX'| < 0.05. To find the parameters of lower half cavity, we combine the two region in the Fig. 3(c) and mark the overlapped part by the orange. It should be note that not any parameters in the overlapped part can meet the design condition, which is difference from the step 3. Because the structural parameters of upper half cavity have been determined before we perform the step 4 and the values of jX obtained by the step 3 are corresponding one by one between the two wavelengths. Therefore, the correspondence is taken for finding parameters of lower half cavity from the overlapped part. Fig. 3(d) plots the range of meeting the design requirement with the red and marked by white arrows (T 1 − T 8 ). The region of T 4 is enlarged and the relationship between the red region and R 1 & R 2 is shown. The other red parts have the same relationship that the smaller red range corresponds to R 1 and the larger red range corresponds to R 2 . 
Numerical Simulation
According to these four steps, we have completed the design of the SNSPD with high efficiency and dual broadband. In order to validate the design results, the numerical simulations were performed with a software based on the finite difference time domain method (FDTD Solutions, Lumerical Inc.). Because of the 1D periodic condition of the NbN nanowire, the simulated object is a 2D unit cell that has periodic boundary conditions on its left and right boundaries and perfect matched layer (PML) conditions at its bottom and top boundaries. The thickness and width of the NbN nanowire are 6 nm and 100 nm, respectively [3] , [19] . The pitch of the unit cell is 300 nm (filling factor is 1/3) [19] , [22] and it is excited by an optical plane wave incident from vacuum. The amplitude of the incident electric field is 1 V/m, and the wavelength of the incident wave is from 1200 nm to 1700 nm. Note that optical materials involved here are SiO 2 , Si, Si 3 N 4 , NbN and Au. Their refractive indices are n SiO2 = 1.444 [22] , n Si = 3.478 [23] , n Si3N4 = 2.0 [24] , respectively. n and κ for NbN were taken from the Ref. 25 
where p denotes the pitch of the unit cell, t NbN and NbN denote the permittivity and thickness of the superconducting nanowire, E 0 denotes the incident electric field, E denotes the electric field inside the superconducting nanowire, 0 and μ 0 denote the permittivity and permeability of the vacuum. Fig. 4 plots the absorption of NbN nanowires for parallel polarization as functions of the wavelength. Structural parameters for this simulation are listed in Table 1 .
The numerical results show that the absorption curve for parallel polarization has two peaks within a wavelength windows of 1200 nm-1700 nm; these absorption peaks are all positioned at 1310 nm and 1550 nm, simultaneously; the values of these peaks are all larger than 97.5%. Therefore, we can conclude that the method proposed in this paper is correct and feasible. Because the equivalent dielectric constant of the L 1 layer is different between the parallel polarization and the vertical polarization. The absorption of NbN nanowires for vertical polarization will not as good as that for parallel polarization, which are shown in the Fig. 5 . The absorption curves still have two peaks. However, these peaks are not positioned at 1310 nm &1550 nm and these peak values are not large enough. Although the absorption peaks appear at the desired when the polarization state of the incident light is parallel with NbN nanowires, the FWHMs of absorption curves corresponding to R 1 is wider than that of R 2 . Comparing the structural parameters provided in Table 1 , we find that the influence of upper half cavity on the FWHM is greater than that of lower half cavity. So it is of interest to make a discussion on this characteristic in detail.
Discussion
To show the influence clearly, the SNSPD with a simple optical cavity is adopted and shown in the illustration of Fig. 6(b) . For this structure, the absorption curve has only one peak and there is less Table 2 Simulation Parameters for Fig. 6 interference for the FWHM. Due to the same structure of the upper half cavity, we select five set of parameters (M 1 − M 5 ) from the Fig. 2 (a) directly for our discussion, which is shown in the Fig. 6(a) . The absorption of NbN nanowires for parallel polarization corresponding to M 1 − M 5 are calculated and shown in the Fig. 6(b) . The numerical results show that the absorption peak FWHM of M 1 is the widest while that of M 3 is the narrowest. FWHMs of the absorption peaks gradually decrease from M 1 to M 3 and then gradually increase from M 3 to M 5 . In this study, we just select the part which the values of the jX are positive and the other part still meets the same change rules. Therefore, the characters can be utilized to design SNSPDs with different FWHMs to meet different needs in actual measurement when a cavity is used to improve the efficiency of SNSPD. In our simulation, the thickness and width of the NbN nanowires are also 6 nm and 100 nm, respectively. The period of the unit is still 300 nm. The refractive indices of all materials are the same as above. Structural parameters for simulation are listed in Table 2 .
Before concluding this paper, we make a brief discussion. In our design, we just only add one more degree of freedom to complete the SNSPD with high efficiency and dual broadband. It is obvious that if we introduce multiple degrees of freedom in our device, the absorption will display the characteristic of multi-bandwidth or even broadband. Moreover, the design method is basically similar with that proposed in this paper. Therefore, a design of SNSPD with high efficiency and multi-bandwidth or broadband will be research in the further.
Conclusion
Using the equivalence principle, the sub-wavelength periodic structure of SNSPD is described by an equivalent circuit model. Based on the transmission line theory, a design method of SNSPD with high efficiency and dual broadband is proposed. To validate the method, we take the λ = 1310 nm and λ = 1550 nm as an example and design a high efficiency device. The absorption efficiency of NbN nanowires are simulated by FDTD Solutions. The simulation results show that the absorption peaks appear at λ = 1310 nm and λ = 1550 nm where we desire. The peak values are all larger than 97.5%. The influence of the upper half cavity of the device on the FWHM of absorption peak is discussed. The FWHM is decrease from M 1 to M 3 and then increase from M 3 to M 5 . This work provides a reference for designing the SNSPD with optical cavity.
